We have previously shown that the human developing pancreas, as a tissue under construction and remodeling, is composed of epithelial ducts and differentiated endocrine cells surrounded by mesenchyme. The physiologic importance of resident tissue leukocytes, expected to enter through the mesenchyme in remodeling functions, prompted us to investigate human developing pancreases for the presence of leukocyte lineages and for expression of cytokines and receptors involved in their recruitment and differentiation. Immunohistochemistry studies were performed on 69 human, paraffin-embedded pancreases at 6-12 weeks of development (WD). Cytokines and receptor transcripts were monitored by reverse transcription (RT)-PCR, by immunohistochemistry when antibodies were available or by in situ hybridization (ISH). We show that numerous cells expressing CD45RA, HLADR and CD68 antigens are cellular components of the mesenchyme of all the pancreases at 6-12 WD. So-called constitutive chemokines (SLC (CCL19), stromal-derived factor 1 (SDF1) (CXCL12)) and a macrophage-specific growth/ survival factor, colony-stimulating factor 1 (CSF1), were detected in epithelial duct cells. Both epithelial and mesenchymal cells expressed chemokine receptors, suggesting a role in leukocyte recruitment and possibly in early pancreatic development. In conclusion, we demonstrated the presence of CD45RA resident leukocytederived lineages, mostly macrophages, in the early human pancreatic mesenchyme. These cells may have migrated in the tissue through the vascular system, attracted by constitutively expressed chemokines, and locally surviving through CSF1 signaling. The role of macrophages in epithelium/mesenchyme interaction-mediated pancreatic development remains to be demonstrated.
Introduction
The pancreas develops from the fusion of distinct, endoderm-derived, dorsal and ventral diverticula (Slack 1995) . In man, by day 35 (5 weeks) of development, the ventral pancreatic bud begins to migrate backward; it comes into contact and fuses with the dorsal pancreatic bud during week 6 of development (WD) (O'Rahilly & Müller 1987 , Moore et al. 1995 . The dorsal bud gives rise to most of the head, body and tail of the future pancreas, whereas the ventral bud gives rise to the lower part of the head. We previously showed that, at 6-11 WD, the human embryonic pancreas is a branched organ, a complex structure containing epithelial ducts surrounded by mesenchyme (Polak et al. 2000) . Cells of the exocrine and endocrine pancreas have a common precursor presumably located in the epithelial ducts. Early pancreas differentiation and growth are the result of epithelial/ mesenchyme interactions. Signals from the mesenchyme that surrounds the embryonic pancreatic epithelium regulate the proliferation of immature pancreatic epithelial cells and their differentiation into endocrine or exocrine tissue both in murine models and in man (Miralles et al. 1998 , Scharfmann 2000 . Development of mouse pancreas has been extensively investigated, but human pancreas development is still poorly understood. We have also shown that the human endocrine cell population is detectable at 8 WD in or close to central ducts and expands at a brisk pace at 9-11 WD in a centrifuge manner toward the peripheral mesenchyme. This endocrine expansion results from a high proliferative activity probably associated with neogenesis (Polak et al. 2000) . The epithelial precursor pool is greatly expanded, as the epithelial proliferation rate is very high at 6-11 WD.
This also may contribute to the early endocrine cell expansion observed (Polak et al. 2000) . Moreover, when grafted into immunodeficient mice, human pancreas at 6-16 WD keeps its ability to develop into a functional endocrine tissue (Usadel et al. 1980 , Lafferty & Hao 1993 , Beattie et al. 1997 , Castaing et al. 2001 . Peripheral mesenchyme and/or its secreted factors seem to have a stimulating effect on the proliferation of the neighboring epithelial cells, as we found peripheral ducts to proliferate 2-3 times more than the central ones (Polak et al. 2000) .
The potential usefulness of embryonic and fetal human pancreas as a source of insulin cells for diabetes mellitus cell therapy implies the need to improve our knowledge of early human pancreatic development. Therefore, particular attention has to be given to the mesenchyme cellular components and epithelial/mesenchyme interactions, focusing on the presence of otherwise motile leukocytes.
The present study had three objectives: 1) to monitor the presence of CD45RA-cells in the mesenchyme of the human developing pancreas; 2) to characterize their phenotype and determine whether they are macrophages, leukocytes otherwise known to exert physiologic remodeling functions (Horton 1996) , or auto-or alloreactive, T-cell-stimulating dendritic cells; 3) to investigate, in addition to the receptors of the chemokines involved in tissue leukocyte recruitment, the putative locally induced differentiation by specific growth and survival factor expression.
Materials and Methods

Tissue collection, preparation and histologic monitoring
Human pancreases (n=69) and other organs (thyroid, liver, gastrointestinal tract, lung, kidney and adrenal glands) were dissected from embryonic and fetal tissue fragments obtained immediately after abortions performed at 6-11 WD, as is permitted by French law.
The late fetal (n=5), postnatal (n=2) and adult (n=2) pancreases were obtained from the Pathology Department at the Robert Debré Hospital, Paris, France.
Specimens for immunohistochemistry and in situ hybridization (ISH) were formalin-fixed and embedded in paraffin, additional specimens for immunohistochemistry were embedded in Tissue Teck OCT (Sakura, Finetechnical, CA, USA) and then frozen, and specimens for RNA extraction were immediately frozen.
Slides sampled at regular intervals from all the organs studied were stained with hematoxylin-eosin, and none showed abnormal inflammatory infiltrates or developmental anomalies.
The pancreases studied are listed in Table 1 .
Immunohistochemistry
Sectioning All paraffin-embedded and OCT-embedded pancreases were cut from the dorsal to the ventral aspect into 4-6 µm coronal sections. Six to ten sections through each pancreas were selected for each antibody.
Selection of antibodies
We chose antibodies known to bind to cells of the leukocyte lineages and to chemokines. We looked for leukocyte-derived lineage cells (CD45RA), namely, potentially antigen-presenting cells, including mature dendritic cells (which express HLADR (Gosh et al. 1984) , CD1a, CD83 or CD11c), immature dendritic cells (CD80), macrophages (CD68), T cells (CD3), B cells (CD20, CD79) and endothelial cells as well as progenitor hematopoietic cell (CD34) markers. Expression of the constitutively expressed chemokines stromal-derived factor-1 (SDF1), (CXCL12) and 6 Ckine (SLC, CCL19) was examined (Pablos et al. 1999) . To determine whether immune cells were located within or outside the blood vessel lumen, the antibody to CD34 was used in double staining with two other antibodies (HLADR or CD45RA).
Staining Paraffin-embedded and frozen sections were processed as previously described (Polak et al. 2000) . Control experiments involved parallel staining by the secondary reagents (no primary antibodies), and parallel staining by only the chromogen (no primary antibodies or secondary reagents). They were performed on pancreases and control tissues. All the controls were negative. The antibodies, dilutions and controls are listed in Table 2 .
Quantitative data Leukocyte lineage cells were counted on representative sections per pancreas. The pancreatic surface of each CD45RA-stained section was quantified with a Leica DMRB microscope equipped with a color video camera connected to a Quantimet 500 IW computer (screen magnification 10), as previously described (Polak et al. 2000) . Results were expressed as CD45RA-positive cell number per mm 2 of pancreatic surface.
TUNEL analysis Apoptosis was studied by TUNEL (TdT-mediated Bio 11 dUTP Nick End Labeling coupled to digoxigenin), using the ApopTag kit (Q Biogene, Irvine, CA, USA). Cells were counted and results expressed as apoptotic cell number per mm 2 of pancreatic surface.
Monitoring of chemokines, macrophage growth factors (CSF1 and GM-CSF) and their receptor transcripts
RT-PCR studies Transcripts of the constitutively expressed chemokines SDF1, 6 Ckine, MIP3-beta (CCL20), and the inflammatory induced chemokine MIP3-alpha (CCL21), which are involved in chemotaxis and/or migration-maturation of lymphocytes and dendritic cells, were studied by reverse transcription and polymerase chain reaction (RT-PCR). CSF1 (colonystimulating factor 1) and GM-CSF (granulocyte/ macrophage colony-stimulating factor), which are known to be the most important growth factors involved in macrophage proliferation and differentiation, were also studied by RT-PCR. Transcripts of their receptors, CXCR4 (for SDF1), CCR7 (for 6 Ckine and MIP3-beta), CCR6 (for MIP3-alpha), CSF1R and GMCSFR were detected by RT-PCR and by ISH for CXCR4, CCR7, CSF1R and GMCSFR. To this end, total RNA was extracted from 34 human pancreases and from control tissues (Tables 1 and 3 ) by standard methods (TRIzol RNA extraction kit) and reverse-transcribed (Superscript II reverse transcriptase, Invitrogen Life Technologies). The cDNA of the chemokines, CSF1, GM-CSF and their receptors was amplified by PCR, using the primers listed in Table 3 . Aliquots of each sample were amplified with cyclophilin primers as the cDNA loading control. The specificity was assessed by sequencing the first 300 bp of each PCR product. The results for mRNA expression are qualitative because the amount of cDNA from each pancreas was too small to allow quantitation, as pancreases were not pooled by age. The annealing temperature was 52 C for CSF1, 56 C for CSF1R and 54 C for the other primers.
In situ hybridization (ISH)
Digoxigenin-UTP-labeled anti-sense CXCR4 riboprobes were synthesized by in vitro transcription of the CXCR4 cDNA cloned in pcDNA3 plasmid (a generous gift from F Arenzana-Seisdedos, Pasteur Institute, France). Linearized plasmids were transcribed in vitro with SP6 polymerase according to the manufacturer's instructions (Boehringer Mannheim). The full-length antisense CXCR4 riboprobe was 600 bp.
CCR7 sense and antisense probes were synthesized from the 800 bp PCR product (Table 3) , inserted in a pGEM Easy Vector and cloned in competent bacteria. CSF1, GMCSF, CSF1 and GMCSF receptor sense and antisense probes were synthesized from PCR products (Table 3) , inserted in a pGEM Easy Vector and cloned in competent bacteria. Specificity was assessed by sequencing the first 300 bp of each cDNA insert.
ISH was performed on 6-µm-thick, paraffin-embedded sections mounted on Super Frost Plus slides (MenzelGlaser, Braunschweig, Germany) and dried at 37 C overnight. Slides were permeabilized with pepsin 0·35 in 0·04 mol/l HCl, washed, and then prehybridized with SSC 4X and 50% formamide for 1 h, at 50 C for CXCR4, 42 C for CCR7 and 45 C for CSF1, GMCSF, CSF1 and GMCSF receptors. Then, the probe was heated for 5 min at 80 C and incubated overnight, at 50 C for CXCR4, 42 C for CCR7 and 45 C for CSF1, GMCSF, CSF1 and GMCSF receptors. After several washes, the slides were incubated overnight at 4 C with the antidigoxigenin antibody coupled with alkaline phosphatase 1/500 in Tris-HCl 100 mM and then stained blue with 4-nitro blue tetrazolium chloride (NBT)-X-phosphate/ 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) chromogen. To localize both the expression of CXCR4 and CCR7 mRNA and the CD45RA-positive cells, immunofluorescence was performed after ISH. Control experiments involved parallel staining with CCR7, CSF1, GMCSF, CSF1 and GM-CSF receptor sense probes.
Results
Identification and characterization of leukocyte lineage cells within the extravascular space of the early human pancreas
Presence of leukocytic lineage cells in the early human pancreas The human fetal pancreas at 6-12 WD is composed of epithelial duct cells in a loose connective Table 2 Antibodies and control tissues used in immunohistochemical studies tissue surrounded by mesenchyme (Fig. 1A , E and F). Endocrine cells become detectable at 8 WD as isolated cells, which subsequently aggregate into clusters (Polak et al. 2000) . We found numerous leukocytes expressing CD45RA, HLADR or CD68 in the 29 human pancreases studied, of which the youngest were 6 WD ( Fig. 1 ). We counted a mean per pancreas of 53 cells at 6 WD, 150 at 8 WD, 273 at 9 WD, 292 at 10 WD and 310 at 11 WD. When related to the pancreatic surface, the CD45RA-positive leukocyte number was 14 0 at 7·5 WD, 21 4 at 8-8·5 WD and 57 37 at 9-11 WD. These results showed that leukocytes were abundant throughout the early pancreatic development. As the pancreas grows continuously between 6 and 11 WD, a marked increase in leukocyte density is noticed after 9 WD. Of note, among the 29, only two pancreases, aged 6 and 9 WD, contained very few (fewer than 10) CD3-, CD20-or CD79-expressing cells (data not shown), suggesting that T and B cells may be absent from the human pancreas at the earliest developmental stages. At 6-8 WD, the leukocytic lineage, CD45RA-positive cells were located mainly in the mesenchyme surrounding the peripheral ducts (Fig. 1A, E and F) . At 8·5-12 WD, these cells were more numerous in the surrounding mesenchyme and were found also in the loose connective tissue between the central epithelial ducts and the endocrine tissue ( Fig. 1B and H) .
At 18 WD, at birth and in adulthood, immune cells were found in the connective tissue throughout the pancreas (data not shown). At these later stages, the surrounding mesenchyme was a thin layer of connective tissue, and lymphoid follicular structure was visible within the pancreas (data not shown).
To determine whether these cells are extravascular, probably resident, or intravascular circulating leukocytes, we determined their location with regard to the blood vessels.
Blood vessels were present in 6-WD pancreases, and the leukocytic lineage cells were mainly extravascular We first looked for vascular structures on hematoxylin-eosin-stained sections (Fig. 1C) . From 6 WD, vessels were seen in the surrounding mesenchyme and the connective tissue of all the pancreases studied. They produced a positive stain for the endothelial cell marker CD34 (Fig. 1D) , and some of them contained circulating cells (Fig. 1C) . 
Human-derived dendritic cells CCL: CC chemokine ligand, CXCL: CXC chemokine ligand; L: left; R: right.
Double immunostaining with antibody to CD34 and with immune antigen markers showed that most of the cells expressing immune antigens (CD45RA, HLADR and CD68) were outside the CD34-positive vessels (Fig.  1D ). This suggested that these cells are not intravascular circulating leukocytes and that they may be resident cells.
The lack of CD34-positive hematopoietic progenitor cells suggested that the pancreatic mesenchyme was not an extralymphoid hematopoietic tissue in the early stages of development. Moreover, the mesenchyme surrounding the pancreas was not related to the retro-aorta-gonadmetanephros zone, which is rich in CD34-positive cells, previously reported to be a source of hematopoietic stem cells before 6 WD in man (Solvason & Kearney 1992 , Nunez et al. 1996 , Tavian et al. 1996 , Marshall et al. 1999 .
Coexpression of leukocyte markers in the developing human pancreas The numerous CD45RA-positive cells found in all the developing pancreases were round when located in the peripheral mesenchyme but exhibited a dendritic cell-like morphology with cytoplasmic protrusions close to the ducts (Fig. 1B , insert ♦ and insert *, and G). Almost all the CD45RA-positive cells coexpressed HLADR and CD68 antigens (data not shown).
This indicates that the leukocyte cell population expressing CD45RA and HLADR could be antigenpresenting cells, which include dendritic cells, macrophages and B cells. Very few cells (n=3) expressing CD20 and CD79 antigens were detected in two early human pancreases (data not shown), therefore excluding B cells (which express CD20) from the leukocyte cell population found in the early developing pancreas. All the HLADRpositive cells expressed CD45RA (Fig. 1E-G ). Double staining with CD45RA (or HLADR) and insulin showed no insulin-positive cell expressing CD45RA or HLADR at all the studied time points (Fig. 1H and data not shown) , suggesting that at 6-12 WD human endocrine pancreatic cells may not constitutively express HLADR antigens.
This study provides the first evidence that the early human pancreas contains numerous CD45RA-positive leukocytes of various lineages. These leukocytes had a dendritic cell-like morphology when they were close to the epithelial duct cells, suggesting that they could be dendritic cells in a different maturation and/or functional status, depending on their location. Most of them coexpressed HLADR. Their predominant antigenexpression pattern was that of monocyte/macrophage lineage-derived cells.
We then sought to determine whether these leukocytes in the early developing human pancreas were dendritic cells, macrophages, or both. Most of the cells expressed HLADR and CD68, suggesting that they were macrophages (Tosi et al. 2000 , Marinova et al. 2001 , Odeberg & Soderberg-Naucler 2001 . However, as the CD68 antigen has also been found on immature dendritic cells in vitro and ex vivo, we investigated the presence of various dendritic cell populations (Sapp et al. 1999) . Almost all the CD45RA-positive cells were CD1a-negative, ruling out the presence of epithelial Langerhans cells in the developing pancreas (data not shown). Fewer than 20 cells were CD11c-positive cells. These results suggest that some of the CD45RA-positive leukocytes may have been of the interstitial dendritic cell type. For better characterization of these cells, we tested the expression of dendritic differentiation markers in pancreases at 9, 10 and 11 WD (data not shown). We found a few (fewer than 20 cells) CD80-positive cells (dendritic cells with the capacity to process the antigens but not to present them efficiently) and a few CD83-positive cells (mature dendritic cells capable of stimulating lymphocytes in vitro) (Steinman 1991 , Lindhout et al. 1998 .
These experiments suggested that macrophages contributed most of the CD45RA-positive, leukocytic lineage cells detected in the early pancreatic human mesenchyme.
We were interested to compare these features with those of other developing tissues and organs. We looked for the presence of CD45RA-and HLADR-expressing cells in a transitory hematopoietic organ (the liver), endoderm-derived organs (the thyroid, lung, pancreas and intestine), branched organs (the kidney, lung and pancreas) and other organs (the adrenal glands and heart) of five embryos and fetuses (at 6, 8, 8·5, 9 and 11 WD). CD45RA-expressing cells were found in 6-11 WD liver, thyroid, kidney, heart and adrenal glands (data not shown). The pancreas and the intestinal mesenchyme contained numerous CD45RA-and HLADR-positive cells (Fig. 1E-G) . As shown in Fig. 1E and F, few CD45RA-(and HLADR-) positive cells were seen in the duodenum.
As one of the known constitutive functions of macrophages is clearing apoptotic cells, we examined the degree and location of apoptosis in the human developing pancreas.
Apoptosis analysis Apoptotic cells were mainly detected in the surrounding mesenchyme, except for two found in epithelial ducts. Their density per mm 2 of pancreatic surface was 0·9 at 7-7·5 WD, 0 0 at 8-8·5 WD (n=2) and 1·16 0·9 at 9-11WD (n=5). The coefficient of correlation between the leukocyte density data and the apoptosis data was 0·6, suggesting that the presence of pancreatic macrophages could serve another physiologic function.
In order to understand the mechanisms underlying the presence of extravascular leukocytes in the developing pancreas, we investigated the expression of chemokines and cytokines otherwise known to act as signals that respectively promote leukocyte migration within the organ and/or promote both macrophage migration and survival.
Analysis of the expression of chemokines and their receptors within the developing human pancreas
Detection of chemokines by both RT-PCR and ISH
Because most of the monocyte-macrophage lineage cells were detected outside the blood vessels, we looked for pancreatic expression of chemokines involved in tissue leukocyte recruitment. We were studying a developing organ and, consequently, elected to focus on chemokines constitutively expressed by organs and involved in the recruitment of lymphocytes and dendritic cells (Dieu et al. 1998 , Dieu-Nosjean et al. 1999 , Coulomb-L'Herminé et al. 1999 , Sozzani et al. 2000 , namely, SDF1, 6 Ckine and MIP3-beta, using RT-PCR to detect the corresponding mRNAs. We found that SDF1 mRNA was expressed from 6 WD to adulthood. Expression of MIP3-beta and 6 Ckine mRNA was also found at 6-10 WD ( Fig. 2A and Table 4) . As a control, we looked for MIP 3-alpha mRNA expression. Neither this proinflammatory chemokine (Kleef et al. 1999) nor its receptor CCR6 were detected at the stages studied (Table 4) .
The expression of SDF1 and 6 Ckine was confirmed by immunohistochemistry studies. As early as 6 WD, some epithelial ducts expressed the SDF1 protein. At 9 WD, epithelial SDF1 staining was detected in all the ducts (Fig.  2B) . At 18 WD and later, a few duct cells expressed SDF1. At 6-18 WD, SDF1 expression was found only in the epithelial cells (Fig. 2B and C) . Expression of 6 CKine protein was evidenced in a few duct cells at 6WD, in most ducts after 8 WD, and in a few endothelial cells at 9 and 11 WD (Fig. 2D and insert) .
This evidence that the early human epithelium expresses chemokines involved in the recruitment of leukocytic lineage cells prompted us to look for expression of the corresponding receptors.
Detection of chemokine receptors by ISH SDF1, 6
Ckine and MIP3-beta are constitutively expressed chemokines that act by binding to their receptors, namely, CXCR4 for SDF1 and CCR7 for 6 Ckine and MIP3-beta. CXCR4 and CCR7 mRNA expression was detected by RT-PCR in the human pancreases ( Fig. 2A and Table 4 ). ISH studies to localize the expression of these receptors within the various pancreatic cell types visualized CXCR4 and CCR7 mRNA in the human pancreas at 7·5 and 8·5 WD. The staining was found not only in numerous cells of the surrounding mesenchyme, but also in the endothelial and epithelial duct cells (Fig. 2E and F) . Some of the cells expressing CXCR4 and CCR7 mRNA also expressed the CD45RA protein ( Fig. 2H and I) .
Analysis of the expression of CSF1 and GMCSF, the major growth factors involved in macrophage differentiation, and their receptors (CSF1R, GMCSFR) within the developing human pancreas
As macrophages were present in the human developing pancreas, we looked for the expression of CSF1, which is the major growth factor involved in resident macrophage proliferation, differentiation and survival in nonlymphoid tissues (Witmer-Pack et al. 1993 , Pollard & Stanley 1996 , Wiktor-Jedrzejczak & Gordon 1996 . We found CSF1 transcripts in the liver (our control organ for macrophage markers) (Fig. 3A and B, and Table 4 ) and in epithelial (part of ducts and aggregated cells) and endothelial cells of human pancreas at 7, 8·5 and 9·5 WD (Fig. 3D and insert, and Table 4 ). We then studied the CSF1 receptor, which has been shown to be a macrophage marker (Guilbert & Stanley 1980 , Sherr et al. 1985 , Sasmono et al. 2003 . CSF1R transcripts were present in the liver (Fig. 3A and C) and in pancreatic cells of the connective tissue ( Fig. 3A and E, and Table 4), a finding that characterizes them as macrophages (Guilbert & Stanley 1980 , Sherr et al. 1985 , Sasmono et al. 2003 . GM-CSF and receptor expression was not found by RT-PCR or by ISH (Table 4) . Presence of chemokine and chemokine-receptor transcripts during development of the human pancreas. Expression was confirmed at least twice. Each band represents one pancreas per age. The constitutively expressed chemokines SDF1, MIP3 beta, and 6 CKine were expressed at 6-10 WD. Their receptors CXCR4 and CCR7 were also expressed in all the pancreases studied. C: Control tissue cDNA (see Table 3 for details); W: water (PCR mix without cDNA); RT-: amplification without reverse transcription of the mRNA (SDF1 mRNA shown in the figure) . 
Discussion
This is the first study documenting the presence of mesoderm-derived CD45RA leukocyte subsets in the early developing human pancreas. Most of these cells were components of the surrounding mesenchyme. Their location outside the developed vessels suggested that they were not circulating cells and may have migrated into the pancreatic extravascular space.
Most of the CD45RA-positive leukocytes were macrophages (expressing CD68 antigen), and dendritic cells positive for CD83 (a molecule known to be expressed late in dendritic cell differentiation). Passenger leukocytes expressing CD45RA have been found in the pancreas at 13-20 weeks of gestation (MacKenzie et al. 1999) . HLApositive macrophages and dendritic cells were detected in postnatal human pancreases and islets (Lu et al. 1996 and data not shown). Macrophages express the HLADR molecule (Tosi et al. 2000 , Marinova et al. 2001 ) otherwise known to display antigenic peptides (Wright-Browne et al. 1997 , Lindhout et al. 1998 , Starzl & Zinkernagel 1998 . Dendritic cells were frequent in adult organs but rare in organs from donors under 7 years of age (Lu et al. 1996) . The presence of macrophages and dendritic cells during the early development in the absence of T or B cells militates against antigen selection from endocrine lineages. Indeed, recent data suggest that islet-induced macrophage recruitment could delay streptozotocininduced diabetes in mice (Scott et al. 2001) . The differences seen in pancreatic HLADR expression during the organ's development in children and in adults may influence the immunogenicity and/or survival of pancreatic and islet grafts in an age-dependent manner (Lu et al. 1996 and present study).
Pancreatic development results from epithelial/ mesenchyme interactions. The importance of the mesenchyme in organ morphogenesis has been well documented (Cardoso 2001) . Growth factors secreted by the mesenchyme have been shown to be involved in pancreatic development, but their cellular source has not been identified (Miralles et al. 1998 , Miralles et al. 1999 , Scharfmann 2000 . Macrophages are involved in numerous nonimmune functions during organ development, tissue remodeling and homeostasis (Horton 1996) . These multiple functions are mediated by macrophage synthesis and secretion of a broad repertoire of cytokines, growth factors and extracellular matrix remodeling molecules, and by their ability to recognize and phagocytize apoptotic cells. Among these growth factors, FGF2 (Rappolee & Werb 1992) , transforming growth factor-, insulin-like growth factor-I and activin A have been shown to play a role in pancreatic development (Le Bras et al. 1998 , Miralles et al. 1999 , Scharfmann 2000 , Dichmann et al. 2003 . The mesenchymal resident macrophages we found at 6-12 WD and/or their secreted factors may be involved in early pancreatic development. At this stage, endocrine tissue differentiates and massively expands, and the epithelial ducts containing endocrine and exocrine precursors develop (Fukayama et al. 1986 , Polak et al. 2000 . Moreover, we previously showed that the proliferation rate of peripheral epithelial ducts in contact with the surrounding mesenchyme was two-to threefold that of the central epithelial ducts where endocrine differentiation occurs (Polak et al. 2000) . Taken together, these results suggest that the peripheral, leukocyte-rich mesenchyme may regulate positively the epithelial duct cell proliferation and/or repress endocrine differentiation, as shown in mice in vitro (Scharfmann 2000) . However, the central loose 
L BANAEI-BOUCHAREB and others · Macrophages and the early developing human pancreasmesenchyme containing dendritic leukocytes may exert opposite effects. Both effects should involve a different mesenchyme cell component and thus differentially regulated secreted growth factors. The investigation of the spatial and temporal heterogeneity of the cellular composition and the developmental features we observed during the early human pancreas development should considerably improve our knowledge of the mechanisms involved in the epithelium/mesenchyme interactions. The role of macrophages in pancreatic development/ remodeling has been further substantiated in our work in macrophage-deficient mice (Fadok et al. 2001) . Table 3 A reasonable hypothesis to explain the presence of macrophages relies on their known constitutive function of apoptotic cell clearance (Banaei-Bouchareb et al. 2004) , as recently described in mice for the thymus (Jacobson et al. 1997 , Scott et al. 2001 and shown during mammary gland development (Gouon-Evans et al. 2000 . The fact that apoptosis was rarely detected in the early human pancreas and was not particularly correlated with macrophage density argues that macrophages could play a broader role during pancreatic development.
Macrophage differentiation or survival depends on local macrophage-specific growth factor secretion. We found CSF1 transcripts expressed by the human fetal endothelial and epithelial duct cells. Furthermore, CSF1 receptor transcripts were expressed by cells of the connective tissue, probably macrophages (Guilbert & Stanley 1980 , Sherr et al. 1985 , Sasmono et al. 2003 . GM-CSF and GM-CSF receptor transcripts were not detected in all the studied pancreases. Thus, as in mice, resident macrophages in the developing human pancreas should depend chiefly on locally secreted CSF1 for their differentiation (WitmerPack et al. 1993 , Pollard & Stanley 1996 , WiktorJedrzejczak & Gordon 1996 .
We have shown that the early human pancreas expresses constitutive chemokines involved in recruitment and migration of macrophages and dendritic cells (Luster 1998) . There is evidence that the chemokine SDF1 is produced within the bone marrow and mediates chemokinesis and chemotaxis of macrophages, B cells, T cells and CD34 + cells that express the CXCR4 receptor (Moore et al. 2001) . In our study, the epithelial duct cells expressed SDF1. Our finding that these cells also expressed the SDF1 receptor CXCR4 strongly suggests a role for SDF1 in the local recruitment of CD45RA-positive cells. The expression of the chemokines (SDF1 and 6 CKine) by the pancreatic epithelium, and their receptors (CXCR4 and CCR7) by CD45RA-positive cells and pancreatic epithelial cells also indicates that the contribution of these molecules to organ development may extend beyond their well-documented role in recruitment of leukocyte-derived cells (Dieu et al. 1998 , Luster 1998 , Tachibana et al. 1998 , Zou et al. 1998 , Coulomb-L'Herminé et al. 1999 , Dieu-Nosjean et al. 1999 , Sozzani et al. 2000 . Resident leukocytes are recruited within tissues by local expression of chemoattractants. A previous study found few B cells in the connective tissue of the fetal lung, contrasting with marked epithelial SDF1 expression, which is involved in the recruitment and differentiation of these cells (Coulomb-L'Herminé et al. 1999) . Thus, in addition to recruiting hematopoietic cells, chemokines should be studied within the context of morphogenesis (Tachibana et al. 1998 , Zou et al. 1998 . Indeed, a previous study reveals a pathway that links reverse signaling to neural guidance during brain development, involving Ephrin-B, SDF1 and CXCR4 (Lu et al. 2001) . Moreover, the migration of the pancreatic epithelial duct, CXCR4-positive cells in response to SDF1 has been very recently documented in mice (Kayali et al. 2003) .
The absence of expression of the proinflammatory induced chemokine (MIP3 alpha) and its receptor (CCR6) by the developing human pancreas argues that developmental processes should occur through constitutively expressed molecules rather than inducible ones.
However, the scarcity of human material and the fact that experiments involving disturbance of the human embryonic pancreas development are extremely difficult to conduct in vivo and even ex vivo are major obstacles to further work aimed at elucidating the role played by chemokines and their receptors in pancreatic development in man. Consequently, we are now turning to animal models that are genetically engineered to lack various chemokines and their receptors.
